The r e l i a b i l i t y o f microfocus x-radiography and scanning l a s e r acoustic microscopy f o r d e t e c t i n g microvoids I n s i l i c o n n i t r i d e and s i l i c o n c a r b i d e was s t a t i s t i c a l l y evaluated. M a t e r i a l s -and process-related parameters t h a t i n f l u e n c e d t h e s t a t i s t i c a l f i n d i n g s I n research samples a r e discussed. The use o f conventional x-radiography i n c o n t r o l l i n g and o p t i m i z i n g t h e processing and s i n t e r i n g o f an SI3N4-Si02-Y203 composition designated NASA 6Y i s described. Radiographic e v a l u a t i o n and guidance helped develop uniform high-density SI3N4 modulus-of-rupture bars w i t h improved f o u r -p o i n t f l e x u r a l s t r e n g t h (857, 544, and 462 MPa a t room temperature, 1200 OC, and 1370 O C , respect i v e l y ) and reduced s t r e n g t h s c a t t e r .
INTRODUCTION
Advanced nondestructive evaluation (NDE) techniques t o r e l i a b l y d e t e c t c r i t i c a l flaws a r e needed i f f r a c t u r e mechanics p r i n c i p l e s a r e t o be a p p l i e d e f f e c t i v e l y i n t h e design of ceramic heat engine components (1, 2) . These techniques a r e a l s o needed t o monitor and c o n t r o l t h e f a b r i c a t i o n process I n t h e m a t e r i a l s development program t o make stronger and more r e l i a b l e ceramics (2). R e l i a b l e ceramics r e q u i r e f a b r i c a t i o n process c o n t r o l t o reduce t h e incidence o f various flaws and t o ensure t h a t any flaws t h a t occur a r e nonc r i t i c a l . The dominant c r i t i c a l f l a w type i n m o n o l i t h i c ceramics i s a pore (3, 4, 5) , which can cause wide strength v a r i a t i o n s and unacceptably low strength. l i s h e d t h e r e l i a b i l i t y o f microfocus x-radiography and scanning l a s e r acoustic micrcscopy fc: d e t e c t i n g seeded !nterna! w ! A s !n S!$4 and S i c t e s t specimens.
P r e l i m i n a r y radiographic c h a r a c t e r i z a t i o n o f s i n t e r e d SI3N4 specimens ( 2 ) revealed t h e presence o f -l a r g e density gradients ( a high-density case w i t h a low-density core s t r u c t u r e ) , which were believed t o be d e t r i m e n t a l t o s t r e n g t h p r o p e r t i e s . Therefore a program was undertaken a t NASA Lewis ( 3 ) t o i n c o r -. porate conventional x-radiographic techniques i n an extensive i n v e s t i g a t i o n o f one Si3Nq-Si02-Y203 composition i n order t o monitor i t s f a b r i c a t i o n process. a f f e c t e d t h e r e l i a b i l i t y o f microfocus x-radiography and scanning l a s e r acoust i c microscopy f o r d e t e c t i n g i n t e r n a l voids i n SI3N4 and SIC. The c a p a b i l i t y of t h e conventional x-radiographic technique i n g u i d i n g powder processing and s i n t e r i n g parameter changes t o improve t h e absolute d e n s i t y o f s i n t e r e d S13N4 and t o e l i m i n a t e d e t r i m e n t a l density v a r i a t i o n s i s emphasized. ments i n f l e x u r a l strengths and reductions i n s t r e n g t h s c a t t e r a r e a l s o described.
I MATERIALS AND PROCEDURES
The preparation o f SIC and Si3N4 specimens needed f o r t h e NDE r e l i a b i l i t y determinations i s shown i n Fig. 1 . The Si3N4 powder had t h e S I + J N~-S I O~-Y~O~ composition. The S I C powder contained s i n t e r i n g aids and binder m a t e r i a l s o f boron and carbonaceous resins. Styrene d i v i n y l -benzene microspheres o f various sizes (50, 80, 115, 220 , and 528 pm diam) were seeded i n green specimens and l a t e r burned out t o create voids w i t h i n t h e green and s i n t e r e d specimens. seeded t e s t bars had t h e same d e n s i t i e s , compositions, and shapes as t y p i c a l modulus-of-rupture (MOR) bars o f t h e same materials. D e t a i l s on specimen f a b r i c a t i o n , void characterization, dimension o f specimens and voids, and density determination a r e given I n Ref. 6. Microfocus radiography (Fig. 2) and scanning l a s e r acoustic microscopy ( Fig. 3) were used t o d e t e c t t h e seeded voids (20 t o 477 pm i n diam) I n t h e f a b r i c a t e d ceramic samples. References 6 and 7 describe i n d e t a i l t h e radiography and SLAM systems, r e s p e c t i v e l y .
The
The powder-processing steps o f the NASA 6Y SI3N4 composition, c o n t a i n i n g 6 w t x each o f Y2O3 and Si02, a r e shown i n Fig. 4 . ( g r i n d i n g time, t , 24, 100, o r 300 h r ) , d i e pressed i n t o bars a t 21 MPa, and then isopressed a! 414 MPa . a t a time a t 2140 O C I n a tungsten cup. bars from one another and from contact w i t h t h e tungsten cup. times t, were 1, 1.25, 1.5, and 2 hr. Nitrogen overpressures PN o f 2.5, 3.5, and 5.0 MPa were employed. A l l batches were r a d i o g r a p h i c a l l y evaluated a t a l l stages of f a b r i c a t i o n as described i n Fig. 5 . Test bars were radiographed ( F i g . 6) I n two modes: (1) the (W,L) mode, where x-rays a r e transm i t t e d through the thickness o f t h e bar, and (2) t h e (T,L) mode, where x-rays a r e transmitted through the w i d t h o f the bar. Radiographic feedback on the density u n i f o r m i t y o f t h e bars was used t o a d j u s t t h e powder-processing and s i n t e r i n g parameters. Four-point f l e x u r a l strength t e s t s were conducted i n a i r a t room and elevated temperatures (1200 and 1370 "C) w i t h i n n e r and outer spans o f 9.53 and 19.05 mn, respectively. Strength data and radiographic density data were used t o f u r t h e r modify the processing and s i n t e r i n g variables.
Powders were m i l l e d A t o t a l o f 690 bars (23 batches) were s i n t e r e d 1 5
High-purity BN d i s k s separated t h e S i n t e r i n g NDE RELIABILITY R e l i a b i l i t y assessment of microfocus x-radiography and scanning l a s e r acoustic microscopy i s p r o b a b i l i s t i c because o f t h e combined u n c e r t a i n t i e s associated w i t h the equipment, t h e operator, t h e f l a w c h a r a c t e r i s t i c s , etc. Therefore a s t a t i s t i c a l approach must be used t o determine t h e d e t e c t i o n r e l i a b i l i t y . This examination o f t h e seeded specimens was based on e i t h e r d e t e c t i n g o r n o t d e t e c t i n g known e x i s t i n g voids. 
~i u r i s r r i s i~i v i~y of i~t e -i~a i
voids i n S i c W~S about the 6s iii Si3ii4 (i.e., 2.5 percent of thickness a t a POD o f 0.9).
However, surface voids were easier t o d e t e c t than i n t e r n a l voids i n both m a t e r i a l s (Figs. 7(b) and ( c ) ) . This was due t o t h e i n t e r n a l voids being p a r t i a l l y f i l l e d w i t h powder, which reduced t h e c o n t r a s t on t h e x-ray f i l m . Even though i n t e r n a l voids o f t h i s type would simulate an interconnected p o r o s i t y s t r u c t u r e i n s i m i l a r m a t e r i a l s , i t i s d i f f i c u l t t o e s t a b l i s h r e l i a b i l i t y s t a t i s t i c s f o r n a t u r a l l y o c c u r r i n g i n t e r n a l voids. Hence o n l y t h e POD data f o r surface voids presented h e r e i n would apply t o n a t u r a l l y occurring i n t e r n a l voids i n green dry-pressed, injection-molded, o r s l i p -c a s t materials. d e t e c t i o n s e n s i t i v i t y was about 1.5 percent o f thickness f o r surface and i n t e r n a l voids i n SIC, 1.5 percent o f thickness f o r surface voids I n SI3N4, and b e t t e r than 1.5 percent of thickness f o r i n t e r n a l voids i n SI3N4 a t a POD o f 0.9.
This h i g h s e n s i t i v i t y t o i n t e r n a l voids i n s i n t e r e d SI3N4 was due Figure  10 shows how v o i d s i t e , void depth below t h e laser-scanned surface. and m a t r i x m a t e r i a l a f f e c t e d t h e POD o f i n t e r n a l voids i n s i n t e r e d specimens having d i amond ground surfaces ( 7 ) . smallest v o i d sizes and the maximum depths a t which 0.9 POD (0.95 confidence l e v e l ) was achieved. The d e t e c t i o n s e n s i t i v i t y was g r e a t e r f o r SI3N4 than i t was f o r SIC. 6 and 12 ) and thereby strengthen t h e m a t e r i a l and reduce i t s s t r e n g t h s c a t t e r .
The s e n s i t i v i t y o f radiography t o t h e w i t h i n -b a r poros-
The case-core s t r u c t u r e was examined as a f u n c t i o n o f the powder fineness Radiography showed t h a t increasing and t h e s i n t e r i n g variables g r i n d i n g time, s i n t e r cup height, n i t r o g e n overpressure, and degree o f BN s e t t e r contact. t h e powder fineness (by using 100-and 300-hr m i l l i n g times) r e s u l t e d i n t h i n n e r and l e s s d i s t i n c t cases and thus improved both s i n t e r a b i l i t y and u n i f o r m i t y . Minlmizlng the BN s e t t e r contact r e s u l t e d i n more uniform densif i c a t i o n as a consequence o f more uniform heating. overpressure from 2.5 t o 3.5 t o 5.0 MPa had no e f f e c t on t h e case-core s t r u ct u r e . When using 100-hr m i l l i n g time, smaller BN disks, and a n i t r o g e n overpressure o f 5.0 MPa, increasing t h e s i n t e r i n g time from 1 t o 2 h r and r a i s i n g t h e s i n t e r cup i n t o a more uniform temperature zone were very e f f e c t i v e I n g r e a t l y reducing density gradients i n s i n t e r e d bars. The most uniform mater i a l , batch 31 ( Fig. 12) , was t h e r e s u l t o f t h e cumulative p o s i t i v e e f f e c t s of Increasing t h e powder g r i n d i n g time from 24 t o 300 hr, increasing t h e s i n t e ri n g time from 1 t o 2 hr, minimizlng t h e BN s e t t e r contact, a d j u s t i n g t h e s l n t e r cup height, and using powder wet-sieving procedures. 
